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When U.S. Government drawings, specifications,

or other data are used for any purpose other

than a definitely related Government procure-

ment operation, the Government thereby incurs

no responsibility nor any obligation whatsoever,

and the fact that the Government my have for-

mlated, furnished, or in any way supplied the

said drawings, specifications, or other data,

is not to be regarded by imnlication or other-

wise, or in any manner licensing the holder or

any other person or corporation, or conveying

any rights or permission to manufacture, use,

or sell any patented invention that my in any
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FORE~WORD

(U) This is a quarterl% technicaal report submitted under G.O. 07119 in

compliance with Contractt AFO(,I01)-11, 07. The research reported

herein, which covers the period I April through 30 June 1967, was

sponsored by the Air Ffree Rocket Propulsion Laboratory, Research

and Technology Division, Air Force Systems Command, United States

Air Force, Edwards, California, with Mr. 6. Allen Beale acting an

the Air Force Project Officer.

(U) This program was condu(ted in the Chemical and Material Sciences

Department of the Ho'ketdyne Research Division, %.thi Dr. E. F. C. Cain

serving as Program Manager and Mr. M. T. Constantine serving as the

Responsible Project Scientist. Technical personnel who have contri-

buted to this effort include K. J. Youel (Phases I and III),

Dr. J. F. Hon (Phase 11), Dr. W. Unterberg (l'lPase 1I), Dr. S. E.

Rodriguez (Phase i1), J. V. Lecce (Phase 11), R. W. Melvold

(Phase 11), J. Quaglino (Phase II), and M. H. Williams (Phase I11).

(U) This report has been assigned the Rocketdyne identification number

R-bb38--.

(U) Publication of this report does not constitute Air Force approval

of the report's findings or conclusions. It is published only for

the exchange and stimulation of ideas.

W. H. EBEIKE, Colonel. USAF
Chief, Propellant Division
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IMNTIODUCTI UN

(U) Under Contract AFS4(bll)-105l6b, Rocketdyne completed a 12-month

anal)tijal and experimental program (Ref. 1) on the rational and

systematic physical characterization of selected liquid rocket pro-

pellants. The overall objective of this program, which was conceived

as an initial step toward elimination of propellant data gaps, was

to assemble andi experimentally complete the data on essential physical

properties of current and near-term liquid rocket propellants over

temperature and pressure ranges of practi(al use to propulsion

engineering. During this program, experimental efforts resulted

in measurement of: (1) chlorine trifluoride (CIF 3 ) phase properties

(including critical temperature); (2) IRFNA and chlorine pentafluoride

(CIF ) sonic velocities (and calculation of compressibilities);

(3) CIF 3 and CH3 N2 1H specific heats (and correetion of previously

determined CIF 5 specific heat data); (4) thermal conductivities of
the 50 N t)5 (CII )N 11., fuel blendl dCN ; ýad (5) the

th5 4 3 -2232'
design and preliminary assembly of apparatuses for measurement of

inert-gas solubility in liquids and liquid viscosities at extended

temperatures and pressures. Analytical efforts, initiated with an

extensive literature survey, included the assembly and evaluation

of physical property data on MHF-l, MHF-3, MIF-5, GIF 3 , and CIF, for
3)

future correlation and summary publication.

(U) The present three-phase program, being conducted under Contract

AFO4(611)-11407, represents a 24-month extension and expansion of

the objectives of the previous effort. Phase I effort consists of

a continuous review of the current literature to document reported

propellant properties. In Phase II, effort is directed at the

experimental determination of unavailable engineering data, for

selected oxidizers and fuels, which are required to design rocket

engine hardware. Effort under Phase III includes the compilation,

correlation, and evaluation of all data obtained from Phases I and

1I and presentation of the valid data in an annual technical report.

1 .4,
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SWOMtY

(U) Analytical and experimental research conducted during the fifth quarter

year of a current 24-month program to complete the data on essential

physical properties of current and near-term liquid propellants of

interest to the Air Force is described in three phases.

(U) In Phase 1, a continuous survey of the current propellant literature

has resulted in the preliminary screening of 2279 reports acquired and

cataloged by Rocketdyne during this period; 118 of these reports were

reviewed in detail for pertinent engineering properties data on liquid

prope I lants.

(U) The experimental characterization of essential physical properties of

selected propellants was conducted under Phase II. During the ivvrrent

report period, these efforts were directed at measurements of CIF3

phase properties in the critical region, sonic velocity in CIF and

CIF under pressurized conditions, gaseous nitrogen solubility in

CIF, CIF 3 and MIF-3 specific heat, MHF-5 thermal conductivity, and

CIF5 viscosity.

(U) A constant-volume vapor pressure apparatus was used to extend the
available experimental data on CIF phase properties into the critical

3
range. As a result of the current measurements, the vapor pressure of

CIF from 2b to 149 C (77 to 299 F) was correlated with the following

equations:

log P(psia) = 5.9929 - 243
T (R)

and

log P(.tm) 4 4.8257 - 1363.1

ST(K)

3
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CONFIDENTIAL

This apparatux,wi (ii neu,,it I•brated satstil, hisiher, is jIrie,•en ly

being used to determine the pecifitc heat tof MHF-3.

(C) Thierua I condh 4 t iv y ty mea sureme n 1.e werpe vomp I v ted on MIfF-5 fiver a

tempe rtit ure rl nge oU 0 . 5 t o 20 1 .0 F. A 4 tit ve, fi t of the dita re-

sutited ,it the following equati on:

kI uif.) 0. 188 - 7.91 x t. - 2.9 x 10- (I2

(U) Previously initiated Paturated liquid CIF. viscosity meamuremnts were

extended to 73, 100t, ind 124 F. The resulting dagta, 0.323, 0.2811, and

0.252 centi polses, respcitvely (acnd other data determined ra .ier in

the program), lorm a plausible continuation0 of previously (orrelated

low-temperature CIF. viscosity data. Measurements are being continued

at temperatures above 200 F.

(U) An a result of the Phase I11 review and evaluation of the data generated

under Phases I and II, efforts are cotitiruiuan on the assemhby of engi-

neering property bibliographies and physi al property data. sheets (.rg

N 20 and Mi'l. Unpublished dat a on the normal boiling point (-13.7 C

or 7.3 F) of LIF5, and CIF. st:'rahblity in 321 stainless stroeI and
) )

in mild steel for periods of 31 months and 10.5) months, reslic.,rtel3

have been evaluated and presented. Experiment. il data on the he-at

capacity of solid CIF3 have been curve fit uith the following equiationo:

p(cal/.gmK) -3.4') x 10 - - 3.33 x 10 T - 3-07 x I0 I)

1.47 x 10 7 T(K) 3 
- 2. x 10

and

Cp(Btulb-R) -3.9 x 10- 1.9, x 14) - 'I. '" x to T

2.52J x Io- T(R) - J2.45 x lo-i1R

5/I6
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MUULTM AW ACCOMPLISI4ENTS

(U) A formal survey of current propellant literature, initiated under

Contract AFJO}(b11)-1054b (Rief, 1), is being continued as Phase I of

the present program. This survey, which includes the location,

acquisition, and documentation of all available propellant properties

data of interest to the Air Force, was originally directed at a compre-

hensive review of physical properties data. However, under the present

contract, the survey has been expanded to additional engineering

properties data.

(U) This survey is being maintained through two primary techniques. The

main portion of the effort is directed at the survey of all reports

acquired by Rocketdyme; these include reports obtained as a result

of individual personnel requests as well as those acquired through

normal distribution channels. Each of these reports is surveyed with

respect to subject matter, and reports containing potential propellant

properties data are selected for detailed review. All pertinent data

contained in these reports are documented for assembly under Phase MII.

(U) To aid in the complete awareness of all available propellant properties

data and their subsequent acquisition and documentation, this report

surey effort is supplemented by a contintious survey of the current

releases of Chemical Abstracts, NA.SA CSTAK Abstracts, CPIA Chemical

Propulsion Abstracts, Defense Documentation Center (DDC) Technical

Abstract Bulletin (TAB), NEE Cryogenic Data Center Current Awareness

Service, and propellant manufacturers' bulletins. Any pertinent

reports located through these sources that have not been acquired

previously by Hocketdyne are ordered and reviewed in detail on their

acquisition.

(U) During the current report perion, 2279 reports were surveyed; of this

total 118 reports w'ere reviewed in detail for propellant properties

data. The pertinent data abstracted from these reports are being

compiled and evaluated under Phase I11.

a(
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RESULTS AND ACCOMPLISIJ~fil`,-

(U) Phase 11 efforts during the c'urrent period were directed at:

1. Extension of CIF 3phase property data into the critical region

'2. Experimental characterizatiton of sonic velohit ty of C IlK and

CIF 3 at pressures above saturation

9?
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3. ('ontinuat ion of N soltabi Ii ty measurer',nts in CIF.

Improvemen t of previously meamured CIF3 and NHF-3 specifi(:

heat da t a

, Complotion of •MIF-5 theimil c onduc'tivity measu.rements

0. Extension of tile CIF5 viscosity measurements

The efforts conducted under each of these tasks are described in t;.P

folloking paragraphs.

Phase Propertv Measurements

(F) Current phase property measurements have been designed for the reliable

extension of the available experimental data on CIF. into the critical
3

tange. Previous efforts (Ref. 2) in this program had expanded and

correlated available density data: (Ref. I and 3) on saturated liquid

CIFr over a temperature range of -22 C (-8 F) to 16) C (322 F). Vapor

33pressure measurements (Ref. 2) on ClF3 had been conducted over a

temperature range of 42.9 C (109 F) to 147.6 C (298 F) to increase

the reliability of previously available (Ref. I and 4) vapor pressure

data in the high-temperature region. In addition, a critical tempera-

ture of 179.6 ±0.5 C (355.3 F) had been measured (using the liquid-

vapor meniscus disappearance technique) and reported (Ref. 1).

(U) The present extension of phase property measurements into the critical

region is accomplished through the experimental determination of

pressure-temperature relationships of known quantities of IF 3 using

a constant-volume vapor pressure apparatus (which has been described

previously in Ref. 2). To ensure attainment of reliable data, a 0- to

1000-psia range pressure transducer used with the apparatus was

calibrated with a Heise gage at temperatures and pressures over

the intended ranges of use. Because the calibration results showed

]0
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known qu.nt ities (of the liqu id. As the temperýa lure of each li quid

sample is inuc eased in increments (thrroug h regulat, led ext ermnal heatring

of the atpparatus tit a itisheer Isotemp oven) , the* pressure of the sa;Tmple

i s re'c o rded (af t v r the sialp 10. has rea(eitd th litr I eq 1 1 1br Ium) . T h Ias

pressure representas the vapor pressure of tiht sample its long as both

th ie iqo id and vapir phases of the sample arte still present. The

ttempe r d ture (d r scon ti nu i ty tempera ture) at withi c|i a change in s lope

is observed from the vapor pressure cutirve (as noted in a pltot of log

pressure vs reciprocal absolute temperature) mark s the trans i tion of

the saemple from a liquid-vapor system to a single-phase system through

complete vap)orization or liquid expanlsion. flhe critical point can be

determined from these data by location of the maximum discontinuity

temperature in a plot of tile temperatures of discontinuity (for the

various s•ampie sizes) vs the sample size, or the specific volume or

density of the sample at the transition.

(U) The discontinuity temperature plot will provide the temperature,

specific volume, and density of CIF at. the critical point. The

vapor pressure measurements required to establish this plot will

establish a vapor pressu,.e curve for this -egion from which the

critical pressure can be calculated (at tie critical temperature).

In addition, the measurements will provite saturated liquid or

vapor densities at each of the transitiun temperatures.

I
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(U) Chlorine' Trifluoride Vapor Pressure. During the current report, two

series of pressure-temperature measurements (each using a different

known amount of propellant-grade CIF 3 ) were completed. The vapor

pressure data result ing from these measurements are given in Table I

as runs 2 and 3. ;in addition, previously reported vapor pressure data

(Ref. 2) have been correc ted on the basis of new instrument calibration

data and are reported in Table I as run I. These preliminary datai were

curve fit from 25.b5 to 148.58 C (78.17 to 299.44 F) with the

following equations:

log P(psia) .)929 - (I)T(R)

and

log P atm) 1i.8257 - 1301 )
TtK)

(U) Chlorine Trifluoride Critical Properties. Additional pressure-

temperature data obtained during the above vapor pressure measurements

have been used to establish three temperatures of discontinuity from

Eq. 1. Although measurements are being continued on several more

sample sizes to establish reliable CIF3 critical property and high-

temperature vapor pressure data, an estimation of CIF critical
3.

properties has been made from the above data. Using the previously

determined (Ref. 1) critical temperature of 179.6 ±0.5 C (355.3 F),

the extension of the above vapor pressure equation would result in

a calculated critical pressure of 961 psia (b5.4 atm). Extrapolation

of the reported (Ref. 2) density data and the presently available

temperature of discontinuity values tu the above critical temperature

results in a CIF critical density of 0.88 gm/cc (54.9 lb/cu ft) and
3

a specific volume of 1.14 cc/gm (0.018 cu ft/lb).

12



TABI; I

1'ILI'1IM I NUA1Y tllLfl INO E rli FU;Uo liE VAPOUlt JiL1,SVIU1 I)ATA

Hl]1I tIiu re P'ressure,
No. F ps a

"2 78.17 25.. 7

I 42.90 I). .22 46.3

3 47.43 117.37 j8.4

2 48.15 118.-7 56. 4

1 01.10 141.98 74.3

2 70.75 159. 35 10 6. 9

74.58 lObb.2 112.7

3 81.30 178.34 l jO. •4

93.13 199.63 180.1

2 96.75 206.15 202.9

___________r___ . 3 107.70 225.-8 279.0

1 111.30 232.3 27 .36

2 121.00 249.80 34 1.4t I.

1 131.35 268.43 404.7

2 133. 05 271.4 9 457. -4

3 148.03 298.45 o1.iJ.

1 148.28 298.90 579. l

1 1118.58 299.4 It 55t). 7

13



Sonic Velocity (and Compressibility) Measurements

(U) Determinations of sonic velocity and adiabatic compressibility of liquid

propellants are being conducted with the apparatus described in detail

in Ref. 2. With this apperatus the velocity of sound in a liquid is

obtained experimentall) by measuring the time required for an acoustic

wave to travel a known distance in the test liquid. Using the resulting

sonic velocity data and the liquid density, the adiabatic compressibility

of the liquid is calculated from the relationship:

-l 1

p c

where

s =adiahatic compressibility of the liquid

= density of the liquid

c ye lo( i ty of sound in the liquid

(U) During previous sonic velocity measurements (Ref. 2) in CIF 5 and CIF3

at saturated liquid conditions and under total pressurization (wiLh

gaseous nitrogen) of 500 and 1000 psia, anomalies were noted in the

lata resulting from the pressurized liquid measurements. Normally,

the %elocity of sound in a liquid at constant temperature has been

found to increase with increasing pressure. In addition, the change

in slope of a sonic velocity-tmperature plot is relatively equiva-

lent for various isobars over the same temperature range. However,

the data obtained at the 500- and 1000-psia levels for both CIF. and

CIF indicated that at the lower temperatures investigated, the
3

velocity of sound was decreased as the pressure was increased and

that these conditions were reversed as temperature was increased.

14
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si Io 1i 1-11 $11 R lii Iii'' - 1 t1 1n 1 if te N,,' ) 1 t. I ii (I u ~ I d' 41 o4 ta V 34't ) it 4. 4

ta Iti I AIto i c'' s - 1n I ii I re c m In 1. (1'a I a) t hi4' Il I Id vs.mp( I e s ht 11 (~ o pre q-,

ini ia I ) lpa) f'a t143 s th I rvIM II t j tt- at. i 14f' I ý Oild t fmp.'1 l'i II( t jr fill

1)v t if rI /iI v if t he l i14 (Iv I lil dt ot lia I )i'Ms l I IeveI' t,. I I It3 grii 'E1ilMs lii -

t rog e it A f t el tIt e ' inmmd i itte de tel-mi riat tit4) (of soil if VC I0 tý , the

MS4llp 1' asM i41i4''[t M, i31 r /'iZe th lit 3 itI trge it rei'W4v4d (1 t Irliftigl u ýO- 4) l an

V' X 1ii) 3I i ý I11it arid ti 3)Ilit- t r ) lit oce 9s) I and t he tvi liii 3iqie wd i lietpeaited

U u) o li c Ve I o x i tN_-i pi c1 liijli' Pen't a t, 1)3' jil(t' . AM a-i re si It of' the1 efIo r t

to lt'-rn(4lis I e'i 34' rvduce ( titi& e'tl'l t. of theto di s wt Ived piej , arnt~i

sonic1( vt 1 01i ty measo reinetits were repea ted in t i (K IF' wider pr4e'ssurize

IOlid iI, tn (A'5 4)1 O I00 SOO, and 131)30 ) psi a u s inIg thIfe mud 3)( 1 1 f -d Jýr oir1etir're

Thue data i'roii I Iii'-i measi suclmen t s, wh i ch aie coimpare'd it) o ltil 2 w ith

thei doLa pre'4' 31)05 I estah Ii shed (Ref, 2) tflitite satiira. iiei I iq id tt(

-substant 3alt' thte hy~poth esi s of tthe pre ions .t te( t, (Ref.' 2) atC tlo'-

pressuronit gas and itemionstrate' lthe expi' teut 4ouiavior lii tht jissfri tiii'4

of Such i4n effec t_ Thesie da ta are jirerent Iy bleý (urve fit For0

graph ical r epr'esenltat io(n in the next quarter IN teciiti)Iat r.'por-t

(U) Sonic Velm i~t3 li Chlo r ine Trit1luor idi'. Sioji ii vi l''ou I L lneolllv~I4me'l~tM

were a iso repea9Oted (us inig the te~ltifiquei mod 314 tatiunr) li13 IF nodelr

total pi'espur iza Uons of' 500, 800), and 1000 psaia. The( dat a ftrain

initial d me'3sulr'emlnts at -14. 12 C (6 .6 F) and 4j.43 (~ (40t~.1 E) are'

shown in, Trah Ic, wiLtti the prvi'eV il)U establi shed (liet' f. 2) ýi I nra ted

liquid datita Af'ter' odd itiomii me asur'emen ts aire c lfducte Ii' t highter1

tempe ratLures , the daita wil be i. evalu a ted and (urive f'it.



TABLU 2

VEIOACIT OF SOUND IN LIQUID
CHLORINE pENTAFLUORIDE AND CHLORINE TRIFIUORIDE

Temperature Pressure, Sonic Velocity

Liquid C F ppin a/sec ft/sec

CIF -14.78 5.1 Saturation 742.0 24.34.4

500 755.8 2479.7

800 765.b 2511.8

1000 770.9 2529.2

2.42 36.4 Saturation 077.4 2222.4.

500 691.1 2267.4

800 700.6 2298.5

1000 707.1 2319.9

23.50 74.3 Saturation 598.7 1964.2

500 b6lb. 202 1. 3

45.88 119.8 Saturation 515.7 1691.9

500 535.0 1755.2

1000 558.4 1832.0

69.20 13U.o 500 4.9.0 1473.1

CIF. -1. 1.2 6.O Saturation 991.9 3254.3

54)0 1002.6 3289.4 4,

800 1010.0 3313.6

1000 1013.5 3325.1

40.0 Saturation 923.1 3028.5

00o 933.5 3062.7

80O 939.2 3081.4
1000 945.1 3100.7
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Wr 41 iqau n trt ]f It t t4 o iet 1 , O lhl l itn i , d pr l op lan't). fie Iseing

colidili ted in 'in 111 phil it1 a! VI I~ h h1 flap boeen p v n de f ritid in] dpt iii

t lie f .1 , 2 111 t h I P ippi a tns u hkle Ine t t g~* 0" 1 l P o I .0 ,vd f, t AM a

v Io q", -caI I ra ted gas o ress ivoIr t Ir' ) int a v ti I m Itbhr 1. vd t t, t t it k

or propel lant (elli whit h (ontatnin a krntjn quant 10of pi Jt ýiw j1ar;

The volame of the g.as absoribed at a knoun tmp•p"atkur'e and ia Itv r

ii hIt ation IJ ii (,alil I;i t ed fti m pressu0 re change ' tila t o( ( r 1il htif

pystem. These pressure (hanges are moni tored by two pre is ion If-

ferential pre Piatlsre traon ducer-s. The, to•tire appa ratue, Ini luding both

the prope llant cell and the gas reservoir, is mounted ýt-hi n a ther-

mostateA enc losure , which manltai tipn a desirred temperatuore. dii r Ing a

solubi lity determination. The temperature-condrI it ioning en( losore is

supported upon a rocking platform which IS uked to agittit.e the test

solution in the propel lant cell to attain equi I hbrium (ond It to ,

(U) In these determinations, the experimentall h, derived quantIty is a

differential solubility (the gas dissolved per unit mass of propellant

and per unit pressure increase) measured at a partitular temperature

and pressure. This quantity can readily be integrated to give total

(absolute) solubility.

(U) Previous tse of this apparatus in this program resulted in preliminary 4
determinations of nitrogen gas solubility in CIF at 90 and 120 F

(Ref. 2). During these original measurements, the solubility estimate

was based on the establishment of two successive pressure equilibria

in the propellant cell: (1) after introduction of the gas into the

ullage of the propellant cell (but before appreciable solution could

occur),and (2) after agitation of the cell contents to induce solution

equilibrium. However, this approach has proved impractical with the

present apparatus because presumably, the gas input causes propellant

vapor condensation, and slow diffusion-controlled re-evaporation leads

to false, unrelated equilibria at both stages of the process (Ref. 2).
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I) lo je'oid thip miater tt on tit the experimentaul resitlits pretment

P~o ijlb Ia tN seapittetvnetý itie being 'ondiu( ted wi th a va.riation, of the

or' I J& 1 n1 I x peri meni I at I perot edj re-( Ini this,£ mod ified procedure, tiff, two

leait- 1 ste-ps (preesueralaaijon of the ul loe witlaotit solict iin, and prex-

"liua/,ft col of the1w 4-1 Wii .Poliat iota) are P~alwzated tidependent ly.

Lal If of the~f i w',) 1'reis satre rcepponiep e a dett e amianed fros if eepasriitf

istoe* of go"s inja ý, (Withaout and wa Ua a Ill agi taticon, relepet tively),

%htiaci de' I bpratel.ý set tip if reprodiac a He lapor-gisi, psmetdo eqca£idirtum

ant t hi altlioge for each Ia etItiew . The evenituta conpis~tenry of pressiure

respotifep for each Pequent e duiring Puh~seqauent experimentation Pupititn-

la ite*s f lit- asscumptiaons made.

s ji tromell (oils Sooiihi113Iin ChlorinieVeiitaifiuoride. During the current.

tijopii li-ri od , measurviements of griseouae nit.rogren so clubi iitv in C1F_ were

ceeraitictIeil at (K), ]20, and 150 F thlroaugh the aIpe (of the newly mondifVied

te Plain i(Iise . Thetac datao (Table 3) are beIlieved re liable within I or I

piefe lit on tingen t u poni addationail expa. IiviiCC j Willia tiet( relnii ati

beiatag cti Ia zed ). Thie va lues shoiob for inc-atiorimaen ts at 9V tend 1201 F

tire( fignilfli-cntly lecher' (by -23 percenat) than Life vaiilues previously

reported (ftef. 2); howeyer, the tiew data tire pieferred due- to the

previous experiment al difiiicultijes anld tite siabsequiiltt problem of

tciuta ji terpretat ion.

TAHLL; 3

NiTHUGEN GAt- SOLUBILITY IN CHLORINE PENTAFLUURIWE

Teinperaiture, Vapor Pressure, Total Pressure, Soluibility,
Fps10 pL4ia lb N /Ib CIF,-psi

go 72 320 to 470 1.83 x 10-5

120 115 580 to b20 2.25 x 10-5

150) 176 740 to 780 2.60 x 1-

_____18



(U) Al though t he recent data obta ined are appa rent ly rel Iab|I, add toowal

expei leni( e il tlie use of t|he new technique. ,ould indi cate defects ini

this approach ats well. In any aspe, the t-c hruquie is extreme i%

laborioiis anid, therefore, somewhat. impra; tical In providing data for

a large num|ber of propellants. Thtis, to a c*)mpl ish the overill (ibje -

tire of this4 effort, improvements may be s&.4ught through further

modifications of the apparatus. Presentl., nitrogen gas sol||bi I & t,

determinatiotis are being condiuoted in CIF I at higher temperatures orid

at different. pressure level; the latter determinations should indirate

any significant deviationis from constant solubility (Henry's Law)

beh"Y i or,

pec ifi f i Heat Measurements

(U) Experimental determinations of liquid propellant specific heats are

being conducted in a calorimeter previously developed and described

under Contirac t AF)O4(0)ll)-95i3 (Ref..5) and further described and

utilized under Contract AM.(6!II)-IO(156 (Ref. 1) and in the present

program (Ref. 2). During the current report period, efforts under

the specific heat measurement task were directed at: (1) investigation

and correction of the poor precision and apparently anomalous results

of preliminary specific heat measurements on the MHF-3 fuel blend, and

(2) resolution of the discrepancy in, previously reported GIFg specific

heat values.

(U) An explanation was sought for the large scatter (up to 5 percent) in

the 1ILF-3 specific heat data reported in Ref. 2. The sample container

employed in the initial HliF-3 measurements was recalibrated empty under

carefully controlled conditions at 0 C. Since the results indicated

that the system was extremely sensitive to small temperature gradients,

an electrically heated adiabatic shield has been installed in place of

the glass dewar (described in Ref. 2) which had been used to minimize

temperature gradients in the calorimeter. Also, the sample container

was suspended in the center of the heat shield by cotton thread

attached to the heat shield lid.
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(U) In this modification, a di fferentialI thermocouple is used to monitor

and nullify the temperature difference between thei shield and the

sample container, Electri cal interac tion between the differential

thermocouple vi rcuit and the sample thc(moIouple is prevented by

insertion of a thin piece' of lens paper between the differential

thermocouple junctions and the walls they ivontact. The signal from

this thermocouple is fed into a d-c microvolt amplifier and then to

a recorder and a current control unit (which continuously feeds the

ne'essary power into the shield by means of a silicon-controlled

rectifier power supply unit). The controller is set to regulate

thi, shield temperature at some small temperature increment above

that of the sample container to compensate for heat losses through

the container leads to the heat sink (which is provided by the (,on-

trolled-temperaeture bath in which the apparatus is immersed). The

K-3 potent iometers, used to determine the energy supplied to the

heaters and the sample coontainer thermocouple output, have been

provided with new Eppley standard cells, and the O-volt batteries

used to heat the sample container have been replaced with a constant-

current power source.

(U) During calibrations of a sample contininer for WIF-3, it was necessary

to employ two c'alorimeter bath media (dry ice-methanol and ice water)

as constant-temperature hen t sinks to span the desired temperature

range. lhowever, small leaks in the calorimeter O-ring seal, which

occurred %hile the calorimeter was immersed in the dry ice-methanol

bath, has led to replacement of the O-ring with a specially fabricated

Teflon gasket. This replacement has sustained a good vacuum

(' 10-5 m.i Hg) at low temperatures.

(U) Snecific Heat of Saturated Liquid Chlorine Trifluoride. Because of

continuing requirements for accurate CIF 3 specific heat data over

extended temperature ranges, a decision was made to resolve the

existing discrepancy previously reported (Ref. 1) in the data from

20



two different experimenters (Upf. I and 4). For this purpose, a new

sample container was fabricated of copper with a re-entrant well and

four fins were brazed (with silver solder) lengthwise to the outer

wall. The bottom plate was constructed of stainless steel to restrict

thermal conduction from the outer wall across the bottom to the re-

entrant well, The heater winding of No. 30 W-gage constantan wire

was noninductively wound on the sample container and coated with GE

varnish No. 7031. While the varnish was still tacky, an outer sheet

of copper foil was attached.

(U) The new sample container (with a volume of-59 (c) was calibrated in

the adiabatic calorimeter from 3.5 to 5b.3 C (38.3 to 133.3 F). During

this calibration, in which the heat capacity contribution of Ose sample

container was determined, the container was loaded with -0.05 atm

helium gas (negligible heat capacity contribution) for thermal equi-

libration. The deviation of the 15 individual data values from the

correlated fit of the data was quite small (-0.5 percent).

(U) After passivation of the sample container, 97.37 grata of propellant-

grade CIF was condensed into the sample container from a vacuum line;

the fill line was crimped and sealed with soft solder. The specific

heat of this saturated liquid sample was measured over a temperature

range of 5.4 to 57.3 C (41.7 to 135 F). The resulting data, which

arc listed in Table 4 with the chemical analysis of the CIF3 sample,

indicate excellent agreement with the extension of the saturated

liquid CIF3 specific heat data reported in Ref. 4(from the melting

point to the normal boiling point). As a result, the two sets of

data were curve fit from -70 to 57 C (-34 to 135 F) with the following

equations:

C - 0.4716 - 2.217 x 10-3 T (K)s(ca l/gm-K)

8.'28 x10 T -9.453 x 10 9 T .
(K) (K)
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TABLE 4

UXPEHIMIENTAL SPECIFIC HEAT OF
SATURLATE L19UII) CHLORINE TRIFILORIDE*

Temperature Specific Heat,
C F c a l/gm-C

5.38 41.68 0.306

6.29 43.32 0.309

8.72 47.70 O.3Ol

9.09 48.36 0.305

11.14 52.05 0.306

14.36 57.85 0. 306

17.17 62.91 0.307

19.63 67.33 0.304

20.05 68.o9 0.307

22.20 71.96 0.312

24.76 76.57 0.307

24.98 76.96 0.306

26.55 79.79 0.311

27.62 81.72 0.310

28.49 83.28 0.311

31.07 87.93 0.312

31.50 88.70 0.310

34.67 94.41 0.313

38.19 100.74 0.312

42.04 107.67 0.31b

45.85 114.53 0.316

49.68 121.42 0.317

53.49 128.28 0.317

57.30 135.14 0.317

*Sample Composition:

CIF 3 , w/o 99.0

FC10 2 /C10 2 , v/o 0.88

NF, W/o 0.11

CIF trace
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a nd

Cs(Btu lb-0)4073 1.204 1 o

2.543 x l10 bT2 ( 1.581 x T(R)

A graphical representation of these data are shown in Fig. 1 with the

heat capacity of solid CIF 3 (noted as a result of Phase III efforts).

(C) Specific Heat of MHlF-3. Because the CIF3 specific heat measurements

provided at) additional indication that. the adiabatic calorimeter was
functioning properly, specific heat measurements were continued on the
MHF-3 fuel blend (nominal composition: 86 w/o CH3 N2 H3 -14 w/o N2H 4 ).
A new sample container, similar in construction to the one used for

CIF was fabricated and leak-checked in preparation far its use' with
MHF-3 and other simi;ar fuel blends. Calibration heat capacity

measurements were completed successfully with this sample container

(loaded with - 0.05 atm He) inserted in the calorimeter. Values

obtained from two separate calibration runs, which were necessitated

by the replacement of an 0-ring in the apparatus with a Teflon gasket,

resulted in a linear heat capacity-temperature curve from -50.1 to

61.6 (-58.2 to 142.9 F); the average point deviation from the smoothed

curve was ±0.5 percent.

(U) The sample container was loaded (under nitrogen in a glove bag) with
58.-43 grams of MHF-3 fuel blend. After the filling tube of the sample

container was crimped and brazed with silver solder, the calorimeter

was reassembled; specific heat measurements on MHWF-3 are continuing.
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lie'rma- Conduct i\ it Meas:urements

(U) Thermal conductivity measuiements of liquid propellants are being

colndiar t'd through the ute of ai steady-state, concentric-cylinder

conduci'vitv cell described previously in Ref. I and 2. With this

apparatus the test liquid is contained in a very thin, annular passage

betheen tho allumi,-im alloy cylinders. An electrical resistance heater,

located at the center of the inner cylinder, supplies the heat energy

to establish ia temw?)rature gradient across the liquid layer. Copper

cotistantan thermorouples, embedded in cylinders close to the surfaces

of tlt- test fluid cavity, are used to measure the temperature gradient.

A regulated d-" power supply is employed for the cell heater power.

(C) Thermal Conductivitv of W4F-5. During the current report period,

thermal oindiit ivity measurements were completed on the lUF-5 fuel

blend (,no,,inal 1 aompos i Lon: w5 w o COl 3 N2H 3 -26 w/o N2 Hi -19 w/o NX2I 5 NO ).

Earlier in the program (Ref. 2), all initial series of measurements was

made on one sample (4) of the fuel blend at approximately 50 F intervals

over at temperature ranige of' 0.5 to 201.0 F. To increase the reliability

of these initial data, it ser ies of me'asuremaenits was made on a second

samplI,' (B) of hia pil apeellant over approximate13 the same temperature

range,. TIia' results from both series of measurements, which indicate

good a.greement uith eachi other, are listed i:n Lable 5.

(C) Tuo unsuccessful attempts were made to obtain MHF-5 thermal condnct-ivity

data ait temperatures above 200 F. With sample A in the cell, an attempt

%as made to obtainn data ait 23-0 F. As tile cell was beiag heated from 200

to 230 F, gas evolution was observed when the cell temperature reached

approxima telv 223 F: att this point tile test run wais terminated. A

similar situatioll o(cllr'e'i with sample B in the thermal conductivity

cell. After data uere obtained at 200 F, the cell wias allowed to re-

main at this t eupeira ture. Approximately v2-1, 2 hours later, some gas

evolution: was ob.-rved and the test run was terminated.

26
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TABJLE 5

EXPERIM WNAL MIIF-5 TUFHMAL CONDUCTIVITY DATA

rTemperature, Thermal C ontductivity,
Sample F Btuahr-f t-F x

A* 0.5 0. 186
A 0.5 0.188
B* 0.5 0.188
B 0.5 0.189

A 50.9 0.185
A 50.8 0.185
B 50.8 o.18b
B 50.8 0.184

A 100.b 0.180
A IOO.b 0.180
a 100.b 0.178

H 100. b 0.179

A 150.5 0.175
A 150.5 0.17"
B 150.6 0.175
B 150.b 0.176

A 200.8 0.172
A 201.0 0.171
B 200 5 0.172
B 200.5 0.170

*Sample Composition:

CH3 N2If3 , W/o 54.9

ý2 H14 , w/o 25.4

N2H• .INO3 , w/o 18.9

NH*, w/o 0.2

I20, w/o 0.6

27
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CONFIDEKTIAL
(I) III,' tliermN, I trid'it i ivi t.% dati were curve fit from 0.5 to 201.0 V

2F'/ 2). The P4110al IOull I 1i, represents the data 1s

kU l. l - 7.91 x - 2.9 X lOt()k(|jtil h - t F

t') Ho Iii prop.I. I I.it st-mpl Is (A and Bi) %ere ob-tained from a specific batch

of lirolpellant bliended for the thermnal conductivity meaturements.

ResuIlt.s of ihemi'cal anial yps of the fuel blend are given in Table 5.

s' s4 oit. Measiuremenetis

(V) Vi•oýit.% meapurements on liquid propellants are being conducted in an

aplgarat u, shown schem:itical.ly i'n Fig. 3, using a technique previously

de.•ri-ld in Ref. 2. In this apparatus, the viscosity is obtained by

0IISV1% 1Ig the flowrate through the the capillary tubing and the corre-

Ip{llmiiiii driving fluid head, whi rll in this apparatus is a simple

gravitN head resulting from a nee tifie elevation of the

liquid level in the two legs of the U-tube. The reservoir in one

of these legs is a section of 0.73-inch tubing which contains a

magnetic float at the gas-liquid interface. The position of this

float within a vertical range of approximately 6 inches in sensed

by a differential transformer unit surrounding the tubing. For the

other leg of the U-tube, valves B and C provide a choice between

a l-i 1 2-inch and 3/8-inch tubing reservoir.

(I) The viscometer is constructed entirely of stainless-steel tubing and

fittings to permit testing corrosive liquids at pressures up to 1000 psi.

The capillary tubing is 0.023-inch ID and approximately 26-1/2 inches

long. This long, large-bore capillary was selected in an attempt to

minimize the relative importance of entrance and exit friction losses

at low kinematic viscotsities, which may approach 0.1 centistoke for

the propellants of interest. For the rase of flow between the

28
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Figure 2. Thermal Conductivity or VUIF-5
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3,1.-inch float reservoir and the l-li2-Inch reservoir, this capillary

would lead to experimental flow times ranging from minutes to hours

in the viscosity range contemplated. To increase the speed of the

test p~ocess at the higher viscosities, the option of the 3/8-inch

reservoir has been provided, which permits setting up a much larger

differential head within the operating range of the transducer and

float. In addiLion, this option permits testing of a given viscosity

under significantly different driving heads, flow velocities, and

hence, Reynolds numbers, for the capillary. This feature could permit

estimation or calibration of the end effects at low viscosities. It

may be possible to extend the applicability of the viscometer into a

range where end effects are important through a technique of self-

calibration in which a given viscosity is measured over a sufficiently

wide Reynolds number range.

(U) Not shown in the figure are accessory connections and valving for

loading, venting and/or pressurizing the viscometer with inert gas.

The overall unit, approximately 5 feet tall, is housed in a temlerature-

controlled dry box equipped with heater, circulation fans, thermocouples,

pressure transducer, etc.

(U) Viscosity of Chlorine Pentafluoride Viscosity measurements in CIF ,

which were initiated previously in this program (Ref. 2), have been

continued at 75, 100, and 124 F. These measurements have been de-

signed to extend the previously reported saturated liquid CIF 5

vibCosity data (Ref. 5 and b) to higher temperature and pressure

ringes. The results from the current measurements are shown

(with thcse obtained earlier) in Table 6.
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TABIE 6

MYKIJUM AL CHLORINE PMNTAFUJOtIDE VISCUOSITY DATA

kinematic Absolute
Temperature Viscosity, Viscosity,

F C centistokes ventipoises

75 2•' 0.l92 0.323

100 38 0.164 0.281

124. 51 0.151 0.252

154* b8 0.13'. 0.215

17b* 80 0.121 0.185

*Data obtained earlier in the program (Ref. 2)

(U) Each of the indicated data points represents at least three measurements

within ±1 F and I-percent precision. Density data for the reduction of

ki-.ematic viscosity to absolute viscosity was taken from Ref. 5.

Figure 4 compares the data shown in the table with a correlation

(Ref. 1) of viscositieE previously obtained at lower temperatures

in conventional glass viscometers (Ref. 5 and 6). As shown, the

new higher-temperature values form a smooth and plausible continu-

ation of the early data although the curve fit may require some
modification. An extrapolation of the curve fit of the lower-
temperature data, through the temperature range of the present

measurements, is indicated by the dashed line.

(U) The viscometer is presently being readied for measurements above 200 F

to provide additional high-temperature data on CIF5 and test the

low-viscosity applicability of the capillary.
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PliASE 111: EIVAIATION AND CO.PILMION OF UATA

O&JECTIVE

(U) During the entire period of ttie contractual program, efforts under

Phase III are directed toward the assembly of all data generated by

Phases I and I1, verification of all the data sources, critical

comparison of conflicting data, and tabulation of the resultw. The

final selection of the best values will be sumarized in an annual

technical report.

IRkSULTS AND ACCOMPLISIIMENTS

(U) in the current report period, Phase III effort has been dire ted

primarily at the compilation and evaluation of physical properties

of various selected propellants from the references located in the

Phase I literature survey. The remaining effort has been voncentrated

on the reduction, evaluation, and correlation of all data generated a4

a result of the Phase II experimental efforts; however, to maintain

continuity in this text, these results are reported under the perti-

nent Phase II headings. In addition, unpublished physical and

engineering property data on propellants (generated as a result

of Rocketdyne in-house efforts) which are related to the overall

objectives of this program are given in the following text.

Nitrogen Tetroxide Property Compilations

(U) As a result of the comprehensive search of the propellant properties

literature, all pertinent engineering property data for N,, ?, is being

compiled, evaluated, and correlated. The references obtained from

this search, which are being placed on indexed punch cards, are being

used to prepare an engineering properties bibliography. The physical

property data are being sumuarized for future publication under this

program.
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oomet io hyd raziue Prop erty Cop ila tions

(U) toml|,lat llonas of an engineering properties bibliography and physical

properties data sheets for 14(1, CIL N9IL•, have been initiated.

Normal Boiling Point of Chlorine Pentafluoride

(U) The normal boiling point of CIF 5 was experimentally measured (during

a Horketd)ne in-house effort) as -13.7 C (7.3 F). These measurements

Uere conducted using a calibrated copper constantan thermocouple to

indicate the equilibrium temperature when the equilibrium vapor

pressure (as determined by a Heise gage) was 760 m Hg. The CIF 5

sample used in the measurements contained fused cesium fluoride at

the bottom of the sample to complex any JIF impurity and thus minimize

the contribution of the more volatile impurity. Chemical analysis

of' tlje sample indicated an assay 99.0 Wr/O CIFr.

Heat C'apacity of' Chlorine Trifluoride (Solid)

(u) In conjunction with the evaluation of the experimental data on the

spe-ific heat of saturated liquid CIF3 (as noted in Phase 11), the

experimental heat capacity data on solid CIF3 were also evaluated.

These data, which were determined from 14.04 K (-259.12 C or -434.4 F)

to the melting point by the same experimentalists (Ref. 4) who provided

the original specific heat data on the saturated liquid, were curve fit

witth the following equations:

-3.49 x 10-) * 3.53 x 10 TK

P~cill gm-K) (K)

-3.07 x 10-' T(K) ÷ 47 x 10o7TTWK3

-2.57 x'10 T
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The se diita o re at I so pre sen ted g raph i a it i it Vi g. I.

StorabiIi t\ of Chlorine l'entaf'luoride

(C) Storabi I i tv tes t s on C IF-., whi (Ii cli ire conlipi 1 v ed over it I 1-Mon thI pit m d

under Conti-act ARM~~(O I ) -9503 (Re I 7) , uve ce~ t ended over is Ionp_-r

period under Roktyefunding. In the Iproa.romt conducted tunder the

cont ract , l iquid samples, of' C IF_ utere :mti od in 1521 sta in lcs-ss ,

h06 1 a lumintum, Mnne 1IWO, and oxygen-lCrev copper conia isir~z Iin it ia

ul1lages of - 20 to 30 pet-cent ) for 13) monthfis at ambient temperatures.

In add i tion to week ly mon itorintg of (onta iner pre ssn rt s and .tmh jemt

temperatureq, liquid and vapor samp'es %ere removed from each cows-

tainer and chiemical1ly analyzed monthly . 1he s'esu Its, whtich are g i~en

in detail n Ref. 7I, indicated to signi ficant changes inl lressiuset or

composition during the entire storage period.

(C) in an extension of these tests (initiated on 12 November 1904), the

storage period of the 321 stainless-steel container was contititied to

22 June 1967, which represented 31 months of storage at temperastures

ranging from ~30 to 100 F. The final chemical atnalysis of the

liquid sample from this container was as follows:

ClF5, W/o 99.1*

CIF3, W/o o.3

HF, W/o 0.3
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These re.quIts indicate that there were no signifi cant composition

changes in the CIF. during the lb.5-month storage in the particular

shipping cylinder. As noted previously, the slight differences in

the analytical results are a result of improvements in the analytical

technique since the initial analysis was. conducted.

I
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